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Water splittinga b s t r a c t
In this study, platinum Pt nanoparticles (NPs) layer was deposited on the surface of TiO2 nanorods (NRs)
using a simple chemical process and its effects on the photoelectrochemical (PEC) performance for water
splitting were examined using a variety of methods. Photocurrent measurements of the prepared sam-
ples indicated that modification of the TiO2 surface with a Pt NPs layer improved the PEC properties of
the TiO2 photoelectrodes. In particular, the Pt-coated TiO2 NRs exhibited the highest photocurrent,
approximately 1.86 higher than that of the bare TiO2 NRs. The enhanced of PEC properties of the Pt-
coated TiO2 sample compared to the bare TiO2 were attributed mainly to the enhanced separation effi-
ciency of photogenerated electron–holes pairs and surface plasmon resonance SPR effects of deposited
Pt NPs layer.
 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Introduction
With the rapid depletion of fossil fuels (coal, natural gas, and
petroleum oil), there is a need to develop new technologies for
generating energy. One of the best ways of converting solar energy
into a ‘‘solar fuel” is by the solar-driven splitting of water mole-
cules into hydrogen H2 and oxygen O2, because both water and
sunlight are vastly abundant [1,2]. Photoelectrochemical water
splitting has been considered a promising method for the capture
and storage of solar energy [3–5]. The main part of a typical PEC
cell is the semiconductor photoelectrode, in which electron–hole
pairs are generated upon light absorption. The ideal semiconductor
photoelectrodes used for water splitting are chemically robust
against harsh conditions, have a suitable electronic band gap to
drive the water splitting reaction (2H2O? 2H2 + O2), and possess
suitable electrical conductivity to facilitate charge carrier separa-
tion. On the other hand, most semiconductor electrodes have a
weak internal electric field in a narrow space charge layer, which
is formed by contacting with an electrolyte, resulting in poor
charge separation efficiency and low PEC activity [6,7].
Titanium oxide (TiO2) has been studied widely as a candidate
for PEC water splitting because of its high stability and abundance
[8–10]. One-dimensional 1D structures of TiO2 may show betterPEC performance than conventional dense films because of the
higher surface area and shorter length to be traveled by the hole
to reach the surface [11]. On the other hand, TiO2 suffers from a
persistent high electron–hole pair recombination rate and a wide
band gap, which limit light absorption to the ultraviolet region.
The most efficient solution for this problem is the formation of
inert noble metal contacts on the surface of the semiconducting
materials to achieve efficient charge separation. These noble met-
als deposited on the TiO2 surface can induce photogenerated elec-
trons driven by the energy state difference between the conduction
band of the TiO2 and the work function of noble metals, which
leads to effective separation between the electron–holes pairs
[12]. Furthermore, noble metals can increase the formation of elec-
tron–hole pairs supported by resonant surface plasmonic effects
[13]. In addition, a noble metal coating on the surface of the semi-
conductor allows it to operate stably in different pH solutions.
In this report, we prepared TiO2 NRs grown directly on FTO
coated glass substrates by hydrothermal method. Various fabrica-
tion conditions for the preparation of TiO2 NRs were used to select
the optimal fabrication parameters and demonstrate the signifi-
cance of nanostructures with high surface-to-volume ratios in
PEC applications. Later on, the prepared TiO2 NRs were surface
modified by a thin Pt layer through simple deposition process, per-
mitting their stable operation for PEC water splitting.
Fig. 1. FESEM images of TiO2 NRs prepared at different TB concentrations: (a) 0.3 ml, (b) 0.5 ml, and (c) 0.7 ml.
Fig. 2. Photocurrent-potential (I–V) curves for TiO2 NRs prepared at different TB
concentrations.
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Preparation process
Titanium butoxide (97%) and hydrochloric acid (37%) were pur-
chased from Sigma–Aldrich Corporation and used as received. Ver-
tically aligned single-crystal rutile TiO2 NRs were grown on
transparent conductive fluorine-tin oxide (FTO) substrates using
hydrothermal method [14]. Briefly, 12.5 ml of hydrochloric acid
was mixed with 12.5 ml of deionized DI water in a Teflon-lined
stainless steel autoclave (50 ml volume). The mixture was stirred
at ambient conditions for 5 min. One piece of ultrasonically
cleaned FTO substrates (2  2 cm, 14–16X cm2) was then placedFig. 3. (a) HRTEM image of Pt-deposited TiO2 NRs, and (b)at the angle against the wall of the Teflon-liner with the conduct-
ing side facing down. Titanium butoxide was added and the
hydrothermal synthesis was conducted at 170 C for 6 h in an elec-
tric oven. Finally, the autoclave was rapidly cooled to room tem-
perature under flowing water. The substrate was removed from
the autoclave, rinsed several times with DI water and dried. Finally,
the substrates were then annealed in air at 450 C for 1 h. The Pt-
deposited TiO2 sample was fabricated according to the methodol-
ogy reported previously [1].
Characterization
The structures of the prepared samples were examined by X-ray
diffraction XRD (Bruker D8 Discover) using Cu-Ka radiation
(k = 0.15405 nm) at a 2h scan range of 20–60. The field emission
scanning electron microscope FESEM (Hitachi S-4700) and trans-
mission electron microscope TEM (JEOL JEM-2010) were used to
study the morphology of the prepared samples. The PEC experi-
ments were carried out in three-electrode configuration under
simulated AM 1.5 (100 mW cm2) illumination in 0.1 M NaOH
solution (pH = 13.6) using Ag/AgCl as the reference electrode, and
a platinumwire as the counter-electrode. IPCE was measured using
a 150 W Xe Arc lamp coupled with a monochromator (Abet Tech-
nologies). UV–vis absorption spectra were analyzed using a UV–vis
spectrophotometer (Evolution 220). All measurements were per-
formed at a room temperature of 22 ± 1 C.
Results and discussion
Three different titanium butoxide (TB) concentrations (0.3, 0.5
and 0.7 ml) were used to optimize the fabrication conditions of
the TiO2 NRs. The formation of TiO2 NRs was not observed at con-
centrations below 0.3 ml. Fig. 1 shows FESEM images of the TiO2
NRs grown directly on the FTO substrates. Due to increased lateral
growth rates of the TiO2 NRs, the average distance between them is
highly decreased. Thus, one can observe that the number density ofXRD patterns of the bare and Pt-deposited TiO2 NRs.
Fig. 5. UV–vis spectra of the bare TiO2 NRs and Pt-deposited TiO2 NRs. Inset is a
digital image of the prepared samples.
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the higher initial nucleation rate. This led to the significant aggre-
gation of NRs, which strongly reduced the advantages of one-
dimensional TiO2 NRs. Therefore, the morphology of the TiO2 NRs
can be tuned easily by varying the initial TB concentration.
The prepared photoelectrodes were further studied in a three-
electrode configuration cell with Ag/AgCl as the reference elec-
trode and Pt wire as a counter electrode to compare their PEC prop-
erties. The performance of the photoanodes is commonly
compared at 1.23 V vs. RHE (theoretical oxidation potential for
water). Thus, the measured potentials were converted from the
potential V vs. Ag/AgCl to the reversible hydrogen electrode
(RHE) scale according to the following equation:
ERHE ¼ EAg=AgCl þ 0:059pHþ EoAg=AgCl
where ERHE is the converted potential (V) vs. RHE,
EoAg=AgCl ¼ 0:1976 V at 25 C, and EAg/AgCl is the measured potential
against the Ag/AgCl reference electrode. Fig. 2 shows the photocur-
rent response (I–V characteristics) of the prepared photoelectrodes.
Obviously, the photoelectrode prepared at the lowest (0.3 ml) TB
concentration exhibited a substantially larger photocurrent density
(0.36 mA/cm2 at 1.23 V versus RHE) than other photoelectrodes
(0.26 mA/cm2 for the sample prepared using 0.5 ml of TB and
0.18 mA/cm2 for the sample prepared using 0.7 ml of TB). This pho-
tocurrent improvement can be explained by the difference in the
surface-to-volume ratio, which is a highly desirable feature for
PEC applications.
The photoelectrode prepared at lower (0.3 ml) TB concentration
was used further to deposit a thin Pt NPs layer. The diameter of the
TiO2 NRs is distributed in the range of 100–250 nm, and the aspect
ratio of TiO2 NRs reached 1:13 (with 1.3 lm length). High resolu-
tion HRTEM analysis was employed to observe the presence of Pt
on the surface of the TiO2 NRs. Fig. 3(a) shows that Pt nanoparticles
(black dots with sizes of 1–2 nm) were uniformly distributed on
the surface of TiO2 NRs. However, no peaks for Pt metal were
observed in the XRD patterns of Pt-deposited TiO2 NRs (Fig. 3b).
The XRD patterns of the samples confirmed the single crystal struc-Fig. 4. EDX elemental mapping over thture of rutile TiO2 (JCPDS No. 21-1276) with a high {101} plane ori-
entation and minimal {111} plane orientation. The high
orientation along the {101} plane indicates the absence of grain
boundaries, which makes the TiO2 NRs efficient for electron
transport.
EDX elemental mapping was further used to verify the uniform
Pt distribution among the TiO2 NRs, as shown in Fig. 4. Elemental
mapping over the Pt-deposited TiO2 NRs showed the obvious sig-
nals from titanium (Ti), oxygen (O) and platinum (Pt). One can
easily observe that Pt NPs were uniformly distributed within the
TiO2 NRs.
UV–vis spectroscopy was used further to reveal the effects of Pt
NPs deposition on the surface of the TiO2 NRs. Visually, the color of
Pt-deposited TiO2 NRs turned from white to black (Fig. 5, inset).e surface of Pt-deposited TiO2 NRs.
Fig. 6. I–V photocurrent curves of the TiO2 NRs and Pt-deposited TiO2 NRs under
light illumination. Inset is IPCE curves for the prepared samples.
Fig. 7. Schematic illustration of the charge separation mechanism.
376 T.Sh. Atabaev et al. / Results in Physics 6 (2016) 373–376Fig. 5 shows the optical properties of each photoelectrode recorded
in the range of 325–700 nm. In both cases, the UV–vis absorbance
spectra revealed a band gap transition of TiO2 NRs with a maxi-
mum in the UV region. On the other hand, the absorbance of the
Pt-deposited TiO2 NRs in the visible range was enhanced compared
to the bare TiO2 NRs.
The PEC water splitting performance of the bare and Pt-
deposited TiO2 NRs was examined to evaluate the effects of Pt
deposition on the TiO2 surface. Fig. 6 shows that the bare TiO2
NRs exhibited a photocurrent of 0.36 mA/cm2 (at 1.23 V vs. RHE).
Upon Pt deposition, the photocurrent increased by 86.1% to
0.67 mA/cm2, illustrating the beneficial role of Pt deposition in
improving the visible light photoactivity of TiO2. To further eluci-
date the role of Pt NPs in enhancing the photoactivity of TiO2,
the incident photocurrent conversion efficiency (IPCE) was mea-
sured for the bare and Pt-deposited TiO2 NRs. The inset in Fig. 6
shows the IPCE curves of the bare and Pt-deposited TiO2 NRs as a
function of the incident light wavelength. For both samples, theobserved photocurrent is dominated by the photoactivity of TiO2
in the UV region, highlighting the highly efficient photoconversion
of UV light by the TiO2 NRs. The relatively weak photoresponse of
bare TiO2 in the visible region explains the relatively low photocur-
rent. However, the Pt-deposited TiO2 NRs showed enhanced pho-
toactivity in the UV–vis region compared to the bare TiO2 NRs
(similar to UV–vis results).
This enhanced photocurrent was not associated with any
change in the onset potential, which was not caused by any change
in the flat band potential of the semiconductor. Based on the exper-
iment results, two main reasons for the enhanced photocurrent can
be suggested: (a) better electron–hole separation and (b) surface
plasmon resonance SPR-based enhancement. As the Fermi levels
of Pt are lower than the CB of TiO2, photo-excited electrons can
be transferred from the CB of TiO2 to the metal particles deposited
on its surface, whereas photo-generated holes remain in the TiO2
(Fig. 7). The electrons accumulated on the metal particles can then
be used to carry out a reduction reaction, while the holes in the
TiO2 can be used to carry out the oxidation reaction. Therefore,
Pt metal with a suitable work-function can help prevent elec-
tron–hole recombination, leading to a higher photoactivity of
TiO2. On the other hand, the photocurrent enhancement of Pt-
deposited TiO2 NRs compared to the bare TiO2 NRs can be
explained due to the SPR effects of Pt [15]. In such a scenario,
hot electrons driven from the surface of Pt can be injected into
the conduction band of TiO2, resulting in plasmon-assisted pho-
tocurrent generation. Although, the enhanced photoactivity of
the Pt-deposited TiO2 NRs in the visible spectral range supports
this idea, the exact mechanism of photocurrent enhancement is
not clarified yet.
Conclusion
In this study, TiO2 and Pt-deposited TiO2 NRs were synthesized
using a facile hydrothermal method. Compared to the bare TiO2
NRs, the Pt-deposited TiO2 NRs increased the photocurrent and
improved the photoenergy conversion efficiency. The enhanced
photocurrent of the Pt-deposited TiO2 NRs is probably related to
the SPR effects of Pt NPs, as well as to the better charge separation
mechanism on the junction between the TiO2 and the Pt. The sim-
ple concept provided in this paper can also be extended to other
semiconductor materials.
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